Matrix metalloproteinase-(MMP-9) is involved in processes that occur during cutaneous wound healing such as inflammation, matrix remodeling, and epithelialization, To investigate its role in healing, full thickness skin wounds were made in the dorsal region of MMP-9-null and control mice and harvested up to 14 days post wounding. Gross examination and histological and immunohistochemical analysis indicated delayed healing in MMP-9-null mice. Specifically, MMP-9-null wounds displayed compromised reepithelialization and reduced clearance of fibrin clots. In addition, they exhibited abnormal matrix deposition, as evidenced by the irregular alignment of immature collagen fibers. Despite the presence of matrix abnormalities, MMP-9-null wounds displayed normal tensile strength. Ultrastructural analysis of wounds revealed the presence of large collagen fibrils, some with irregular shape. Keratinocyte proliferation, inflammation, and angiogenesis were found to be normal in MMP-9-null wounds. In addition, VEGF levels were similar in control and MMP-9-null wound extracts. To investigate the importance of MMP-9 in wound reepithelialization we tested human and murine keratinocytes in a wound migration assay and found that antibody-based blockade of MMP-9 function or MMP-9 deficiency retarded migration. Collectively, our observations reveal defective healing in MMP-9-null mice and suggest that MMP-9 is required for normal progression of wound closure.
Introduction
Matrix metalloproteinases (MMP) comprise a family of zincdependent endopeptidases with matrix-degradative properties (Page-McCaw et al., 2007; Parks et al., 2004) . MMP-2 and MMP-9 are considered a subclass of the MMPs due to their gelatinolytic activity and have been shown to participate in the wound healing response. In general, injury to tissues elicits a series of responses that include inflammation, extracellular matrix remodeling, angiogenesis, and epithelial regeneration (Eming et al., 2007; Tonnesen et al., 2000) . The activity of MMP-9 has been shown to be critical for several of these processes in the context of pathological conditions or trauma to tissues such as cornea and brain (Page-McCaw et al., 2007) .
Injury to the skin elicits responses that include hemostasis, edema formation and inflammation, eschar formation, cell proliferation and migration, production and remodeling of the ECM, angiogenesis, and reepithelialization (Singer and Clark, 1999) . As a result, these processes regress as the wound matures, leading to stabilization of the repaired tissue. However, due to the lack of regenerative capacity, healed skin tissue in adults lacks specialized structures such as hair follicles and sweat glands and is frequently subject to excessive scar formation (Eming et al., 2007; Gurtner et al., 2008; Singer and Clark, 1999) . Therefore, various strategies to improve wound healing have been pursued with limited success. We assume that a critical understanding of the cellular and molecular processes that dictate the course of healing would facilitate the development of interventional strategies that could lead to improved healing. Likewise, the identification of molecules whose function is critical for the various processes could lead to the development of specific therapeutic strategies.
In cutaneous wound healing, these tissue responses have been shown to occur in an overlapping manner and to influence each other (Singer and Clark, 1999; Tonnesen et al., 2000) . For example, secretory products of inflammatory cells such as vascular endothelium growth factor (VEGF) and fibroblast growth factor can induce angiogenesis. It is also appreciated that, in turn, angiogenic cells modify the extracellular matrix by expressing matrix-degrading enzymes. Consistent with an overall positive role for MMPs in wound healing, it has been previously shown that wounds treated with MMP inhibitors heal at a delayed rate (Agren et al., 2001; Mirastschijski et al., 2004) . However, delayed wound healing has also been observed when MMPs, such as MMP-1, are overexpressed indicating that normal wound healing requires balanced MMP activity.
Studies in MMP-9-null mice have implicated MMP-9 as a critical factor in the response to injury. Specifically, it was shown that the expression of MMP-9 is upregulated following brain injury and that MMP-9-null mice developed smaller lesions and acquired less motor deficits (Wang et al., 2000) . In addition, MMP-9-null mice displayed enhanced healing of injured corneas due to increased cell proliferation and inflammation (Mohan et al., 2002) . Furthermore, in a model of myocardial infarction, these mice displayed increased angiogenesis (Lindsey et al., 2006) . The latter finding was inconsistent with the observation of reduced neovascularization of polymeric scaffolds and delayed angiogenesis in the developing bones of MMP-9-null mice (Sung et al., 2005; Vu et al., 1998) . Therefore, the role of MMP-9 in neovascularization appears to be complex.
To address some of the issues regarding the function of MMP-9 in post-injury processes, we compared the wound healing response in MMP-9-null and littermate control mice. Here we report that MMP-9-null mice heal wounds at a decelerated rate and display defects in keratinocyte migration and collagen fibrillogenesis. Our findings suggest that these effects lead to delayed reepithelialization and irregular matrix remodeling, respectively.
Materials and methods

Animal model
The generation of MMP-9-null mice has been described (Vu et al., 1998) . In this study, unless stated otherwise, three-month-old and sex-matched MMP-9-null and littermate control mice were used. A total of fifty mice per genotype were used. All experiments were approved by the Institutional Animal Care and Use Committee at the University of Washington and Yale University.
Wounds
Full-thickness excisional wounds were made in the dorsal region of mice anesthetized with Avertin, as described previously (Kyriakides et al., 1999) . Each mouse received two 6-mm wounds with the aid of a biopsy punch (Acuderm, Ft Lauderdale, FL), giving a total of 16 wounds per time point. All wounds were excised with a 3 mm rim of unwounded tissue, and 10 wounds were processed for histology and 6 for protein extraction. Wound reepithelialization was estimated in a blind fashion from H&E-stained sections and judged to be complete when the entire wound surface was covered with a new epithelial layer. Reepithelialization was quantified by measuring both the migration of epithelium from the wound edges and the gap between migrating ends. Percent re-epithelialization was determined by adding all three values (left and right migrating ends plus the gap) to obtain the total length and expressed as the percent of the total occupied by the migrating ends. 10 sections per wound, and 5 wounds per time point per genotype were examined. For the generation of wound extracts, a 3-mm biopsy punch was used to collect wound tissue from the center of each wound. Six d 7 and d 14 wounds per genotype were processed for analysis by transmission electron microscopy. For tensile strength analysis, two full-thickness longitudinal incisions, each 1.0 cm in length and separated by 1.5 cm, were made on the dorsal skin of each mouse with the aid of a standard #10 surgical blade. The first wound was administered on d 0 and the second on d 7. A total of 8 wounds per time point per genotype were made. All d 7 and d 14 wounds were collected on the same day and analyzed by tensiometry.
Tissue processing and immunohistochemistry
Excised wounds were fixed in 10% zinc-buffered formalin (Z-fix, Anatech, Battle Creek, MI) and embedded in paraffin. 5 µm-thick sections were generated and stained with anti-PECAM-1 to visualize blood vessels and Mac3 to detect macrophages, as described previously (Kyriakides et al., 1999) . Proliferating cells were detected with the Ki-67 antibody (DAKO, Carpinteria, CA; 1:10). Fibrin(ogen) was detected with anti-fibrinogen antibody (Accurate Chemical and Scientific Corp. Westbury, NY; 1:200). A Nikon Eclipse 800 microscope was used for all examinations. For TEM, samples were dehydrated in a graded series of ethanol, washed, and embedded in Epon. 100-nm sections were examined by a Technai Bio Twin EM microscope, equipped with a Morada camera.
Histomorphometry
For quantification of angiogenesis, high power digital images from PECAM-1-stained sections were collected and analyzed with the aid of imaging software (Metamorph, Universal Imaging Co., Downingtown, PA), as described previously (Kyriakides et al., 2001) . Briefly, the background immunoreaction levels in control slides were used to threshold images and PECAM-1-positive vessels were identified and quantified by the software. For quantification of macrophages, images from Mac-3-stained sections were analyzed as described previously (Agah et al., 2002) . For determination of fibril diameters, collagen bundles in the wound area were imaged at 430,000×. Fibril diameters were analyzed quantitatively using Metamorph image analysis software (n = 1198 WT fibrils, n = 1337 KO fibrils).
Analysis of wound extracts
Protein extracts from d 0, 5, 7, 10, and 14 wounds were prepared in extraction buffer (phosphate-buffered saline containing 2 mM phenylmethyl sulfonyl fluoride and 1 mg/ml each of aprotinin, leupeptin, and pepstatin (Sigma Chemical Co., St Louis, MO) as described previously (Agah et al., 2002) . The protein content of each sample was determined by the BCA assay (Bio-Rad, Hercules, CA). Zymograms were performed as described previously (Krady et al., 2008) . A total of three samples per time point per genotype were analyzed and the results were repeated in triplicate. Soluble VEGF was prepared by gentle extraction of wound tissues in extraction buffer at 4°C for 30 min. Western blot analysis was performed on pooled samples with anti-VEGF antibody at 0.2 μg/ml (Abcam, ab9953).
Tensile strength analysis
Intact and wounded skin were subjected to tensile strength analysis. For intact skin, a dumbbell shaped pattern 1.5 cm long and 0.5 cm wide in the middle was used to excise a segment of skin. A total of 6 samples per genotype were analyzed. Wounds, two per animal, were generated by a full-thickness longitudinal incision, 0.5 cm in length with the aid of a standard #10 surgical blade. The first wound was produced on d 0 and the second on d 7. Wounds were allowed to heal naturally for 7 or 14 days without any stitches or staples. Wounds were removed and samples were cut using a No. 10 scalpel blade and placed in moist gauze (1× PBS). A total of 8 wounds per time point per genotype were analyzed. All wounds were analyzed with the aid of an Instron 5848 MicroTester (Instron, Canton MA), as described previously (Wu et al., 2003) .
Keratinocyte culture and wound migration assay
Human foreskin keratinocytes were isolated and cultured on tissue culture grade polystyrene as described previously, and used at passage four (Fleckman et al., 1987; Hitomi et al., 2003) . Mouse skin keratinocytes were isolated from newborn WT and MMP-9-null pups and cultured on tissue culture grade polystyrene coated with collagen type IV as described previously (Pirrone et al., 2005) . To evaluate wound migration in vitro, confluent keratinocytes cultures were scraped with the aid of a pipette tip in order to create a wound 0.3 mm in width. Migration of keratinocytes into the wound area was evaluated by photographic images collected at 12, 24, and 48 h post wounding. Specifically, migration was determined by measuring the area of the original wound occupied by migrating cells and expressed as percent closure. To control for the possible contribution of cell proliferation, the cultures were treated with mitomycin (10 μg/ml) for 3 h prior to wounding. Equal amounts (50 μg) of WT and MMP-9-null keratinocyte conditioned media were analyzed by zymography. Human keratinocyte migration was evaluated in the presence of 2.5 μg/ml function-blocking anti-human MMP-9 mouse antibody (Chemicon International; catalog number MAB13415) or 2.5 μg/ml isotype control mouse IgG. The function-blocking activity of the anti-MMP-9 antibody was demonstrated previously (Visscher et al., 1994) .
Statistical analysis
All data are expressed as means ± SEM. Statistical differences were determined by either Student's t test or one or two-way analysis of variance followed by Bonferroni post hoc test. A value of p b 0.05 was considered significant.
Results
Gross examination of healing excisional wounds indicated that wound closure was delayed in MMP-9-null mice. Specifically, MMP-9-null wounds remained open longer and resolved at a rate slower than WT wounds, as evidenced by the persistence of eschar at d 14 ( Fig. 1;  Supplemental Fig. 1 ). Histological analysis of d 5-14 H&E-stained sections revealed insufficient reepithelialization and the prolonged presence of provisional matrix in MMP-9-null wounds (Fig. 1) . Overall, the wound epithelial layer appeared thicker and displayed reduced migration over time. Specifically, reepithelialization, measured as percent wound coverage, was retarded in MMP-9-null wounds (Table 1 ). In addition, the presence of wound provisional matrix, containing fibrin clot and inflammatory cells, was evident in the neodermis. Detection of fibrin(ogen) in d 10 wounds by immunohistochemistry was suggestive of reduced fibrinolysis in MMP-9-null wounds (Supplemental Fig. 2 ). In contrast, d 10 WT wounds were fully reepithelialized and lacked provisional matrix. To confirm changes in matrix remodeling, d 14 wound sections were stained with Masson's trichrome to visualize mature collagen fibers. MMP-9-null wounds were found to contain irregularly organized fibers (Fig. 1 G, H) , suggesting a defect in developing a network of mature collagen. However, it should be noted that MMP-9-null wounds appear to contain comparable amounts of collagen.
Histomorphometric analysis of wound neovascularization was performed following the immunohistochemical detection of endothelial cells with PECAM-1 antibody and showed no differences in blood vessel density between MMP-9-null and WT wounds (Fig. 2) . Analysis of soluble and insoluble VEGF levels in wound extracts revealed overall similar levels between MMP-9-null and WT samples, except that the level of soluble VEGF peaked earlier in the latter. Specifically, the levels of soluble VEGF in WT wounds were high in early wounds (d 5-7) and decreased over time (Fig. 2) . A similar pattern was observed in MMP-9-null wounds, except that levels peaked at d 7 instead of d 5. Densitometric analysis of western blots verified a trend for reduced soluble VEGF at d 5, however the difference was not significant (Fig. 2C ). Insoluble VEGF levels were similar between MMP-9-null and WT wounds. Thus, the overall levels were similar between the two groups and matched the vascular density, which decreased progressively from d 7 to d 14. It should be noted however, that the somewhat reduced levels of VEGF in d 5 wounds might influence the delay in migration of keratinocytes in MMP-9-null wounds. Moreover, zymographic analysis of d 7 and d 10 wounds indicated comparable levels of MMP-2 between WT and MMP-9-null wounds suggesting the absence of compensatory MMP2 upregulation (Supplemental Fig. 3 ).
Similar to our capillary density findings, we detected normal macrophage infiltration and resolution of inflammation in both groups (Fig. 2D) . It is possible that changes in the number of immature macrophages, negative for Mac-3, or other inflammatory cell types such as neutrophils, might be present. Nevertheless, our findings do not indicate an abnormal inflammatory response in MMP-9-null wounds. Previously, in a model of corneal epithelial regeneration, it was shown that MMP-9 deficiency was associated with increased cell replication (Mohan et al., 2002) . Analysis of d 7 and d 10 wounds with the Ki-67 antibody, which is specific for proliferating cells, indicated normal keratinocyte proliferation in MMP-9-null wounds (Fig. 3) . The majority of the Ki-67 positive cells were located at the trailing edge of the migrating epithelium. During examination of the stained sections we noticed the frequent presence of proliferating cells in the wound bed, especially in MMP-9-null wounds. Therefore, we enumerated the number of Ki-67 positive cells per high power field and found that it was elevated in MMP-9-null mice, especially at d 7, suggesting that MMP-9 limits the proliferation of cells during repair (Fig. 3E) . Based on the morphology of the cells and association of some with vessels, we conclude that endothelial cells and fibroblasts comprised the majority of positive cells. Overall, the number of proliferating cells decreased from d 7 to d 10 in both WT and MMP-9-null wounds, indicating progression of the healing process.
The delay in wound closure and collagen matrix assembly prompted us to examine the mechanical integrity of the wounds. Therefore, we performed tensiometric analysis of d 7 and d 14 incisional wounds. In addition, we examined the tensile strength of uninjured skin in order to obtain baseline values. Analysis of normal skin revealed no differences between WT and MMP-9-null mice ( Fig. 4A-D) . However, differences in the strength of the uninjured skin between male (Fig. 4A, C) and female (Fig. 4B, D) mice were detected in both genotypes and confirmed by statistical analysis (Fig. 4E) . Based on this observation, we opted to analyze the strength of healing wounds from male mice. Consistent with previous wound healing studies, we observed a decrease in breaking strength of both d 7 (Fig. 4F, H ) and d 14 (Fig. 4G, H ) wild type and MMP-9-null wounds in comparison to uninjured skin. In addition, both groups displayed an increase in breaking strength between d 7 and d 14, which is indicative of healing (Fig. 4I) .
Based on our histological analysis of healing MMP-9-null wounds, we found the lack of abnormalities in tensile strength surprising. To probe this finding in greater depth, we performed ultrastructural analysis of d 14 wounds by TEM. Consistent with our histological findings, we detected extensive areas in MMP-9-null wounds that contained abnormal collagen fibrils. Specifically, we observed many abnormally large fibrils as well as numerous fibrils with irregular contours (Fig. 5B, C) . In addition, MMP-9-null fibrils possessed irregular edges evidenced by the presence of fine material surrounding each fibril. Furthermore, we observed the presence of abnormally large fibrils in areas of apparently normal collagen fibrillogenesis (Fig. 5C) . No abnormalities were observed in the areas of skin surrounding wounds in MMP-9-null mice (Fig. 5D) . Analysis of the distribution of fibril diameters revealed a shift towards larger diameter in the MMP-9-null wounds, with the majority of the fibrils being in the 100-200 nm range (median 122.32 ± 46 nm). In contrast, the fibril diameter distribution in WT wounds was less spread and predominantly smaller, in the 80-140 nm range (median 103.38 ± 30.1 nm). In addition, fibrils in MMP-9 wounds reached diameters over 450 nm, whereas fibrils in WT wounds reached maximum diameters of 325 nm (Fig. 5E) .
A previous study of corneal wound healing in MMP-9-null mice identified a role for MMP-9 in delaying wound closure by controlling the replication of epithelial cells (Mohan et al., 2002) . In order to expand on this study and to investigate the delayed wound closure phenotype in the MMP-9-null skin wounds, we utilized an established wound migration in vitro assay. To probe for participation of MMP-9 in the process of migration, we performed our studies in the presence of mitomycin, an inhibitor of proliferation. First, we examined the ability of human keratinocytes to migrate in response to a wound in the presence of a function-blocking MMP-9 antibody or isotype control. Evaluation of wound closure at 24, and 48 h indicated that it was significantly delayed in the presence of the anti-MMP-9 antibody (Fig. 6A) . Determination of the wound area, measured as percent area covered by cells, at 24 and 48 h revealed a significant delay in the anti-MMP-9 treatment group (24 h: 65 ± 12% for IgG and 28 ± 7% for anti-MMP-9; 48 h: 100 ± 1% and 47 ± 6% for anti-MMP-9; p value ≤ 0.01). Second, to examine the possibility that MMP-9-null keratinocytes have an intrinsic migration defect, we isolated neonatal MMP-9-null and WT skin keratinocytes and subjected them to the same assay. Consistent with our finding with human cells, we detected a profound wound migration defect in MMP-9-null keratinocytes (Fig. 6B) . Determination of the wound area, measured as percent area covered by cells, at 12, 24, and 48 h indicated reduced migration of MMP-9-null keratinocytes (Fig. 6C) . Analysis of conditioned media from WT and MMP-9-null keratinocytes revealed comparable levels of MMP-2 (Supplemental Fig. 3) . Thus, we conclude that in addition to changes in fibrin clot resolution, wound maturation, and collagen network formation, a defect in keratinocyte migration contributes to the delayed healing of MMP-9-null wounds.
Discussion
We have performed a detailed analysis of the skin wound healing response in MMP-9-null mice with a focus on inflammation, matrix remodeling, angiogenesis, and reepithelialization. Gross examination of healing wounds indicated that healing was impaired in MMP-9-null mice due to a delay in wound closure. Despite the wellestablished role of MMP-9 in monocyte recruitment, we did not observe a reduction in the accumulation of macrophages in the MMP-9-null wounds. In addition, we did not detect changes in vascular density despite somewhat reduced levels of soluble VEGF in d-5 MMP-9-null wound extracts. Previously, MMP2 and/or MMP-9 were shown to release matrix-bound VEGF (Belotti et al., 2003; Bergers et al., 2000; Lee et al., 2005) . Conceivably, other MMPs might be able to compensate for the loss of MMP-9 in this model. Consistent with this hypothesis, we have previously shown high levels of MMP2 in healing wounds (Agah et al., 2004) . Therefore, we believe that conditions exist within the MMP-9-null wounds that allow for the proper progression of the inflammatory and angiogenic responses.
To identify processes that might be compromised in MMP-9-null mice, we investigated ECM deposition and remodeling, and reepithelialization. Based on our histological and TEM analyses we conclude that MMP-9 is critical for the deposition and remodeling of wound ECM. One of the major defects of MMP-9-null wounds is the prolonged presence of fibrin clots and provisional matrix. This observation is consistent with the findings in the healing corneas of MMP-9-null mice, where it was suggested that MMP-9 can influence clot removal directly by cleaving fibrinogen, or indirectly, by activating plasminogen activator and inactivating inhibitors of fibrinolysis such as PAI-1 (Mohan et al., 2002) . In addition to the persistent fibrin clots, MMP-9-null wounds displayed abnormalities in collagen fiber assembly, and ultrastructural analysis revealed the presence of numerous extremely large collagen fibrils as well as some that were irregularly-shaped.
Fibril formation in wounds is an active process involving primarily types I and type III collagens, but the identity of regulatory molecules remains unclear (White et al., 2002) . A role for MMP-9 in collagen synthesis has been suggested by studies in vitro with MMP-9-null smooth muscle cells, however there is no direct evidence for participation of MMP-9 in collagen fibril assembly (Sung et al., 2005) . It is possible that loss of MMP-9 affects the ability of wound fibroblasts to organize the emerging collagen network. Supporting evidence for the participation of MMPs in fibrillogenesis can be found in the study of TSP2-null mice, in which increases in the levels of MMP-2 and MMP-9 are associated with aberrant collagen fibril Fig. 4 . MMP-9-null mice recover normal tensile strength following wounding. Samples of WT and MMP-9-null normal skin from male and female 3 month-old mice were assessed for tensile strength with an Instron tensiometer. Representative load-extension curves of normal skin from WT (A, male; B, female) and MMP-9-null (C, male; D, female) mice are shown. Strength of healing incisional wounds was determined in male mice. Representative curves from d 7 (F, H) and d 14 (G, J) wounds from WT (F, G) and MMP-9-null (H, J) mice are shown. Quantification of breaking strength of uninjured skin (E) and healing wounds (I) is shown. No differences between MMP-9-null and WT mice were detected. Error bars represent SEM (n = 10).
formation (Bornstein et al., 2000) . A common thread in these animal models is the presence of an imbalance in MMP levels leading to altered ECM assembly and remodeling. Ongoing studies with MMP-9-null fibroblasts should allow us to address this issue.
Previously, the deficiency in MMP-9 was shown to allow accelerated wound healing of injured corneas associated with the loss of MMP-9-mediated control of cell replication and inflammation (Mohan et al., 2002) . Thus, both processes were enhanced in MMP-9-null mice via a delay in signal transduction through Smad2. Here, we show that MMP-9 deficiency is associated with increased proliferation of cells within the wound bed but not of keratinocytes. Our findings suggest that the participation of MMP-9 in wound healing of skin differs from that in cornea. Unlike injured corneas, skin wounds undergo significant contraction, an event that has profound effects on the healing process. Thus, MMP-9 deficiency may hinder repair in different tissue-specific ways. In the same study it was reported that skin wound closure was not compromised in these mice in the first two weeks following injury. We believe that the difference between this study and our findings is due to the fact that we measured reepithelialization, a more precise indicator of wound closure. In addition, we did not cover the wounds with dressing, which might have complicated the superficial examination of wound areas. We have found that determination of wound areas by gross measurements can be influenced by the presence of eschar and site-specific contraction.
Surprisingly, despite the presence of abnormally shaped collagen fibrils, the tensile strength of MMP-9-null wounds was not compromised. This finding could be due to the presence of large collagen fibrils that might provide mechanical compensation. However, there are conflicting reports regarding the relationship between fibril shape and diameter and tensile strength (Bradshaw et al., 2003; Christiansen et al., 2000; Lavagnino et al., 2005) . In addition, the overall strength of healed wounds at 1 and 2 weeks is a small fraction of that of intact skin, and therefore it might be difficult to detect a minor defect. The presence of larger (⁎) and normal size (arrowheads) fibrils with irregular contours in the wound from the mutant animal, in comparison with the more uniformly-sized circular fibrils in the control tissue, is evident. Bar, 500 nm (A-D). C. Longitudinal section of collagen fibrils from a MMP-9 KO wound displaying extremely thick fibrils (⁎). D. Normal fibrils in non-injured MMP-9-null skin. E. Distribution of collagen fibril diameters, as measured from electron micrographs of skin wounds from WT (white bars) and MMP-9-null (black bars) mice. The distribution is skewed in the direction of larger fibrils in the mutant tissue. n =1000.
Alterations in ECM remodeling are also indicated by the prolonged presence of the wound fibrin clot and provisional matrix in MMP-9-null wounds. Fibrin is a substrate for MMP-9 and the deficiency of this protease could impair the removal and remodeling of the clot into provisional matrix (Sternlicht and Werb, 2001) . Such a delay could influence keratinocyte migration and compromise reepithelialization. Wound keratinocyte migration is a coordinated process that involves alteration of keratinocyte phenotype and changes in the expression of adhesion receptors in order to facilitate interactions with the provisional matrix (Goldfinger et al., 1998; Kirfel and Herzog, 2004; Pilcher et al., 1997; Raja et al., 2007; Santoro and Gaudino, 2005) . In addition, the activity of MMPs results in degradation and modulation of ECM proteins, leading to increased keratinocyte migration. In fact, integrin-mediated enhancement of MMP-9 secretion has been shown to increase migration of oral keratinocytes (Thomas et al., 2001) . Moreover, the regulation of MMP-9 gene expression in human keratinocytes has been shown to be associated with keratinization (Kobayashi et al., 2001) .
Previous studies have shown that wound keratinocytes can secrete VEGF and express its receptor, VEGF-R1, and that the latter plays a role in wound reepithelialization (Brown et al., 1992; Wilgus et al., 2005) . The predominant effect of VEGF in this model was to influence keratinocyte proliferation. Based on the modest change in soluble VEGF levels in MMP-9-null wounds we conclude that it does not play a major role in influencing the phenotype. Furthermore, our in vitro migration assays were performed in the presence of mitomycin and thus, could not be influenced by changes in cell proliferation. The equal presence of Ki-67 positive keratinocytes in WT and MMP-9-null wounds provides additional support for the lack of a proliferation defect. In terms of matrix-related effects, the analysis of human keratinocytes was performed in the absence of exogenous matrix proteins. Mouse keratinocyte migration was evaluated on surfaces coated with collagen type IV. In both cases, we observed reduced migration when MMP-9 was blocked or absent. Moreover, we have found similar levels of MMP-2 in WT and MMP-9-null keratinocytes, suggesting that the migration defect cannot be compensated by MMP-2. Our findings are consistent with a recent report demonstrating impaired migration in human keratinocytes treated with MMP-9 siRNA (Xue and Jackson, 2008) . Moreover, similar to the latter, we detected a very low secretion of MMP-2 in keratinocytes. Taken together, these observations suggest an inherent migration defect in MMP-9-null keratinocytes.
Our study suggests that MMP-9 plays a complex role in wound healing. This functional complexity is consistent with its ability to proteolytically cleave matrix components, growth factors and cytokines, and to contribute to the shedding of cell surfaceassociated proteins (Page-McCaw et al., 2007; Sternlicht and Werb, 2001) . We propose that the MMP-9-null wound healing phenotype is predominantly influenced by the inability of these mice to remodel the provisional matrix and to properly assemble collagen fibers, and by a defect in keratinocyte migration. Subsequent studies should allow us to identify the spatiotemporal context in which these activities are critical and determine their relative contributions to healing.
